This paper is an attempt to measure our understanding of volcano/atmosphere interactions by comparing a box model of potential volcanogenic aerosol production and removal in the stratosphere with the stratospheric aerosol optical depth over the period of 1979 to 1994. Model results and observed data are in good agreement both in magnitude and removal rates for the two largest eruptions, El Chichó n and Pinatubo. However, the peak of stratospheric optical depth occurs about nine months after the eruptions, four times longer than the model prediction, which is driven by actual SO 2 measurements. For smaller eruptions, the observed stratospheric perturbation is typically much less pronounced than modeled, and the observed aerosol removal rates much slower than expected. These results indicate several limitations in our knowledge of the volcano-atmosphere reactions in the months following an eruption. Further, it is evident that much of the emitted sulfur from smaller eruptions fails to produce any stratospheric impact. This suggests a threshold whereby eruption columns that do not rise much higher than the tropopause (which decreases in height from equatorial to polar latitudes) are subject to highly efficient self-removal processes. For low latitude volcanoes during our period of study, eruption rates on the order of 50,000 m 3 /s (dense rock equivalent) were needed to produce a significant global perturbation in stratospheric optical depth, i.e., greater than 0.001. However, at high (Ͼ40°) latitudes, this level of stratospheric impact was produced by eruption rates an order of magnitude smaller.
Introduction
The mechanism by which large eruptions affect sive volcanism has the ability to inject sulfur directly into the stratosphere. Bluth et al. (1993) esticlimate is generally accepted: injection of sulfur into the stratosphere and conversion to sulfate mated an average of 2 megatonnes (Mt) of volcanogenic SO 2 per year is injected into the aerosol, which in turn reduces the solar energy reaching the earth's surface. The sulfate aerosols stratosphere, roughly 1% of man-made tropospheric emissions; this rate was greatly influenced produced by large eruptions also lead to depletion of stratospheric ozone through a series of chemical by just two events, Pinatubo and El Chichó n, in their 14-year study period. However, they also reprocesses. Reactions on the surfaces of sulfate particles remove chlorine-scavenging nitrogen spelated eruption rates to the historical record of Simkin (1993) and concluded that the domination of cies, which ultimately favors chlorine-catalyzed destruction of ozone (Prather 1992) . Although the volcanogenic contribution to the atmosphere by a few large eruptions was probably typical of the global sulfur emissions from volcanoes are one to two orders of magnitude less than those from anpast 200 years. Climatic impacts of recent large eruptions, for thropogenic sources (e.g., Kellogg et al. 1972; Friend 1973; Stoiber and Jepsen 1973; Holland 1978;  example El Chichó n and Pinatubo, on global climate have been established by examining changes Mö ller 1984; Stoiber et al. 1987; Spiro et al. 1992; Bluth et al. 1993) , the climatic impact of volcanic in global temperatures by both surface-based records (Mass and Portman 1989) and satellite obseractivity is disproportionately large because explovations (Hansen et al. 1992) . Jakosky (1986) eruptions were generally considered more likely to [The Journal of Geology, 1997, volume 105, p. 671-683 ] © 1997 by The University of Chicago. All rights reserved. 0022-1376/97/10506-0008$01.00 affect global climate because they are more effithese and updated data accessible over the World Wide Web (http:/ /www.giss.nasa.gov/Data/ ciently distributed into both hemispheres. Robock and Free (1995) recently summarized the major vol-STRATAER/; updated June 15, 1995 by R. E. Schmunk). Sato et al. (1993) calculated stratocano activity indices (including dust and aerosol measurements, eruption explosivity, satellite and spheric aerosol optical depth (AOD) using a variety of satellite and ground-based sources. Based on the petrologic data), and evaluated the ability of these indices along with the ice core acidity record in observed variations in AOD in their dataset, we are able to link changes due to volcanogenic stratomaking long-term connections between a large volcanic event and the resulting stratospheric aerosol spheric impact, from pre-eruption background to post-eruption peak, of 0.0001 or greater. Large eruploading.
The impacts of smaller eruptions, which make tions, as we will discuss here, produce changes in the global total an order of magnitude greater, up the remainder of the volcanogenic stratospheric loading, are not easily evaluated. The climatic perwhich we define as ∆AOD Ͼ 0.001. Our objective is to apply, to the TOMS data of turbation caused by an eruption depends on its ability to inject material into the stratosphere, and it SO 2 emissions, rates of SO 2 to sulfate conversion and the removal rate of sulfate from the atmois much more difficult to predict which non-major eruptions will or will not have a measurable effect sphere, and to compare this model of potential volcanogenic aerosol loading to the record of stratoon global climate. The elevation difference between volcano summit and tropopause, implicit spheric aerosol optical depth. We hope that these satellite data allow us a new way to evaluate sulfur when considering the latitudinal factor, is crucial for the less powerful eruptions. The approach we pathways between the solid earth and the atmosphere. take here is to evaluate volcano-climate connections by examining as many potential climateperturbing events as possible rather than focusing A Model of Potential Aerosol Loading on the few largest.
The Total Ozone Mapping Spectrometer Our model is constructed as follows: (1) using the TOMS SO 2 database, we apply an input of volca-(TOMS) provides near-continuous global coverage of the whole Earth on a daily basis. The data have nogenic SO 2 injections; (2) consider the conversion rate of SO 2 to H 2 SO 4 aerosol; (3) apply a continuous been used to quantify sulfur dioxide from volcanic emissions based on the attenuation of wavelengthremoval rate to the aerosol; and (4) make a daily summation of all sulfate aerosol by reconciling the specific reflected UV radiation by volcanic clouds (Krueger et al. 1995) . Through the Nimbus and later processes of addition and removal. The other major source of aerosol to the stratosphere, which mainMeteor TOMS-bearing platforms, we have a nearly continuous observation of global volcanism from tains the non-volcanogenic background stratospheric aerosol level, is supplied by the constant 1979 to 1994. Exceptions to a truly global record include high latitude (Ͼ60°) eruptions in hemioceanic emission of carbonyl sulfide (OCS). Our model includes a continuous (daily) contribution to spheric winter which, because of low-light conditions, are difficult to detect and quantify. Further, the stratospheric aerosol by OCS, using the rate of 3.0 ϫ 10 10 g (0. 1993; Krueger et al. 1995 ) and provides the most The level of volcanogenic perturbation of the stratosphere can be measured by optical depth, comprehensive observation of major explosive volcanism during this period. All eruptions with Volwhich is the attenuation of solar irradiance by the atmosphere. It is defined as the ratio of incoming canic Explosivity Index (VEI: Newhall and Self 1982) values of 4 and above, those most likely to to transmitted solar energy for a particular wavelength of light (e.g., 0.55 µm). The attenuation is penetrate the stratosphere, have been detected during the times TOMS has been in operation. By determined by the sum of absorption and scattering by air molecules plus any other particulates such as definition, events of VEI 3 may also reach the tropopause; compared to the known record, the TOMS volcanic aerosols. The stratospheric optical depth record has been reconstructed during the period instrument observes about one-third of these eruptions (Bluth et al. 1993 ). 1850 to 1990 by Sato et al. (1993) ; they have made Sawada (1983) ; Pagan: Sawada (1983) ; El Chichó n: Hofmann and Rosen (1983) ; Galunggung: Sawada (1987) ; Colo: Katili and Sudradjat (1984); Pavlof: McNutt (1987) ; Soputan: Sawada (1987) ; Nevado del Ruiz: Naranjo et al. (1986) ; Augustine: Holasek and Rose (1991); Chikurachki: SEAN Bulletin (1986a , 1986b a Eruption date ϭ eruption associated with the SO 2 emissions measured by the TOMS satellite instrument; a.s.l. ϭ above sea level; VEI ϭ Volcanic Explosivity Index, after Newhall and Self (1982); eruption rate calculated by the method of Wilson et al. (1978) ; na ϭ no data available. b TOMS SO 2 tonnages calculated using version 6 of the production algorithm.
The TOMS database of VEI Ն 3 eruptions (table cases the larger eruptions made discrimination of the SO 2 signal from the smaller eruptions impos-1) in some cases combines closely spaced SO 2 emissions from the same event, but otherwise lists insible. Conversion of SO 2 to sulfate. We assume that all dividual eruption emission data. For example, Galunggung has only two eruptions listed, although SO 2 injected into the stratosphere is oxidized to sulfate (e.g., Turco et al. 1983; Pinto et al. 1989 ). The over 25 separate SO 2 clouds were identified during its eruptive activity in 1982 (Bluth et al. 1994) . Both overall conversion of SO 2 to H 2 SO 4 can be thus described by the generic reaction (Bekki 1995) : El Chichó n and Pinatubo produced sizable SO 2 clouds prior to their cataclysmic eruptions; however we list only the major event because in both Sedlacek et al. (1983) .
35 days (similar to a half-life, e-folding refers to the c Kent and McCormick (1984) . d Hofmann and Rosen (1984) .
time for an exponential decay process to remove e Jä ger and Carnuth (1987).
1/e of the initial amount). This conversion rate is f Hofmann and Rosen (1987) . of which fall within the range of 30-40 days, derived from both other satellite data for various eruptions and modeling efforts (table 2). Our SO 2 tions larger than El Chichó n) and concluded that the process can be considered somewhat selfconversion rate was derived from the observed decrease in cloud SO 2 mass using TOMS data, followlimiting: that is, the greater the sulfur mass emitted by the eruption, the larger the aerosol particles ing the eruption of Mt. Pinatubo (Bluth et al. 1992) . There is some uncertainty in this number, as the formed, and the faster they will fall out by gravity. In spite of this logic, larger eruptions appear to gen-TOMS estimates of SO 2 masses include a number of possible errors; Krueger et al. (1995) report a typierally have longer residence rates in the atmosphere. Kent and McCormick (1984) studied five cal uncertainty for a single cloud tonnage of Ϯ30%.
Removal Rate of Sulfate Aerosol. Sulfate removal mid-range eruptions (Sierra Negra, St. Helens, Ulawun, Alaid, Pagan) and estimated from satellite is dominated by gravitational sedimentation; however this rate is also dependent on the season and data an average removal rate of 5-8 months. These results generally agree with Jä ger and Carnuth's the size of the particles (table 3) . For example, Jä ger and Carnuth (1987) used lidar backscatter measure-(1987) results using lidar (3.6 and 6.6 months for St. Helens and Alaid, respectively). ments to compare aerosol decay between winter and summer periods following the El Chichó n The published rates listed in table 3 suggest that explosive eruptions emitting large amounts of SO 2 eruption and calculated that the net removal rate was approximately 20% slower in the wintertime.
(Fuego and El Chichó n) exhibit removal rates on the order of 12 months, while less productive erup- Hofmann and Rosen (1987) studied the aerosols created after the Fuego 1974 and El Chichó n 1982 tions (e.g., St. Helens, Alaid) yield removal rates on the order of 6 months. The modifying influences eruptions and determined different aerosol lifetimes based on particle size. The larger aerosols had that seasonal fluctuations and particle sizes impart on decay rates were not considered in our simple a measurably shorter residence time (approximately 2 months) in the atmosphere. Pinto et al.
model, as we are initially concerned with broad trends, although this is certainly a concern for more (1989) discussed the implications of major injections of SO 2 into the atmosphere (referring to erupcomplex simulation efforts. Therefore, in our model we used two different categories of sulfate 1982; and the eruption of Pinatubo, followed two months later by that of Cerro Hudson, in 1991. The removal rates based on the eruption type: El Chichó n and Pinatubo SO 2 emissions were modeled to decay rate of the aerosol mass following these episodes was interrupted by smaller eruptions such as decay at the 12-month e-folding time, and all smaller eruptions were assumed to decay at the 6-the Ͻ1 Mt SO 2 eruptions by Ruiz (1985) , Nyamuragira (1986 ), Chikurachki (1986 , three eruptions of month e-folding rate.
Derivation of Potential Aerosol Loading. Our Mt. Spurr (1992), and Kliuchevskoi (1994) . model of potential stratospheric loading is demonstrated in figure 1, and the model results are preDiscussion sented in figure 2. The individual SO 2 injections from eruptions, and the running aerosol loading esEvaluation of our Potential Aerosol Loading Model. The two most visible contrasts between our timates, are shown along with the stratospheric aerosol index over the same time period. Our model model results and the observed aerosol optical depth (figure 2) are the relative magnitudes of volof the sulfate loading is mainly driven by three major episodes during the period 1979-1994: the erupcanogenic perturbations, and the timing of peak aerosol loadings and decay rates. Note that the tions of Sierra Negra, St. Helens, and Alaid in the period 1979-1981; two closely spaced eruptions, aerosol optical depth cannot be directly related to mass in this figure; this would require detailed Nyamuragira in late 1981 and El Chichó n in mid- Figure 2 . Model results of emitted masses of SO 2 (bold lines) from TOMS data and potential sulfate aerosol mass loading (thin line). This plot was generated by using the TOMS database from 1979 to 1994 of SO 2 emissions and applying rates of SO 2 to H 2 SO 4 conversion and aerosol removal to produce a potential aerosol load. Individual eruptions are listed in table 1. The stratospheric aerosol optical depth (AOD, plotted as individual points) data at λ ϭ 0.55 µm are determined from satellite measurements (Sato et al. 1993 ); the AOD is not equated with mass loading in this figure. Note the lag between the post-eruption model aerosol production versus the AOD peaks, and the differences between modeled and observed aerosol decay rates.
knowledge of aerosol composition and particle size than is suggested by our simulations. An obvious limitation of our model is that all emitted sulfur distribution for each eruption cloud. However, independent evaluations of the El Chichó n (12 Mt) is assumed to produce a sulfate aerosol, which the optical depth record indicates did not occur. Still, and Pinatubo (30 Mt) mass loadings (e.g., McCormick et al. 1995 ) suggest that our model adequately the overall increase in aerosol loading predicted by our mass-loading model from 1979 to 1982 is in describes the peak aerosol loading for at least the two major eruptions. agreement with the optical depth record, which suggests that the cumulative effect of these erupThe modeled perturbations for the range of smaller-sized eruptions show many deviations tions was significant. Following the eruption of El Chichó n in 1981, from the observed record. In the period prior to the eruption of El Chichó n, five eruptions (Sierra Nethe optical depth record shows a gradual decrease in aerosols punctuated by several small injections; gra, St. Helens, Ulawun, Alaid, and Pagan) identified by Kent and McCormick (1984) in the hemithis trend continues for nearly 10 years until the eruption of Pinatubo. The optical depth record spheric record cannot be as easily distinguished in the global record of Sato and coworkers. From 1979 shows a jump at the beginning of 1985, which does not appear in the aerosol mass records derived by to late 1981, the AOD record exhibits much smaller perturbations due to volcanic eruptions Hofmann (1990) from balloon soundings. This peak is not discussed by Sato et al. (1993) , but it coinci-OH radical) is detected by the TOMS instrument as the SO 2 decreases. Consequently, in our model dentally occurs close to when SAGE II (the stratospheric aerosol and gas experiment-II) data were we equate the removal of SO 2 with the simultaneous creation of sulfate aerosol. These results sugfirst used to derive a stratospheric optical depth record. Since there are no known eruptions occurring gest that another reaction in the sequence leading to sulfate aerosol is rate-limiting. at this time, we suspect that this anomaly is instrumental and not related to a volcanic event.
The aerosol decay rate (12 month e-folding) for the two largest eruptions matches well with the opThe eruption of Nevado del Ruiz produced a sharp signal in the record at the end of 1985. The tical depth record. Yue et al. (1991) noted that the aerosol removal time following the Ruiz eruption eruptions of Nyamuragira in July 1986 and Chikurachki in late 1986 do not appear as spikes in the was similar to that of El Chichó n, although smaller-sized eruptions is general display a more global record but can be discerned in the hemispherical optical depth data of Sato et al. (1993) . As rapid removal rate than do El Chichó n and Pinatubo (as suggested by the published rates in table before, the volcanogenic perturbations to the AOD record are much less pronounced than our model 3). The small anomalies produced by several events between 1987 and 1991 show a rapid decrease, as predicts.
The eruption of Kelut, Indonesia in February also generally predicted from the literature. But in the broader sense, the AOD record clearly deviates 1990 has been connected to a global impact (e.g., McCormick and Veiga 1992), but Yue et al. (1994) from the modeled aerosol removal. For example, the period from 1986 to 1991 demonstrates a much indicated that the Kelut cloud was confined to the southern hemisphere; this conclusion is in agreeslower overall AOD decay than predicted; this observed rate represents an e-folding of about 4 years, ment with the latitudinal optical depth data from Sato et al. (1993) . The latitudinal data (in 10 degree approximately eight times the rate measured for mid-sized eruptions. There is little information rebands) indicate that an increase in optical depth at the low southern latitudes began in February and garding the cumulative effects of multiple eruptions, nor the viability of the aerosol removal rates lasted approximately 3 months before returning to previous levels. Possibly related to the Kelut erupbeyond the first few e-folding periods. The rates are typically derived in the periods immediately foltion is a second increase in the AOD record that occurred at high southern latitudes in June and lowing the eruptions until a subsequent eruption muddies the picture. lasted for several months. However, the Sato et al. (1993) data show that a global-scale aerosol signal Several perturbations between 1987 and 1991 occur in the AOD record but not in the model (i.e., first occurred in January 1990, originating in high northern latitudes. This corresponds to the timing the TOMS SO 2 record). There are most likely gaps in potential loading due to errors in the original SO 2 and location of the December 1989 eruption of Mt. Redoubt, Alaska. Based on the data of Sato et al.
database, for example when considering the eruptions that TOMS either does not observe or only (1993) it thus appears that the global perturbation in optical depth during early 1990 was associated partially detects. Most notable are the high-latitude eruptions that occur in Kamchatka and Alaska durwith the Redoubt, rather than the Kelut eruption.
The timing of the peak optical depth perturbaing the winter months. It is quite possible that eruptions in these areas are underrepresented in the tion typically lags behind that of the modeled aerosol peak loading, which suggests a discrepancy in TOMS data and therefore in our model. For example, the March 1986 eruption of Mt. St. Augustine, the rate of SO 2 to sulfate aerosol conversion. We do not know the reason for this offset. The lag is Alaska, was a VEI 4 eruption but was observed by TOMS for only one day with an estimated emission somewhat greater for the large eruptions: for the El Chichó n and Pinatubo eruptions, the peak occurred of less than 50 kilotons SO 2 (unpublished data). Likewise, the December 1989 eruption of Redoubt, approximately 9 months later, which would require an SO 2 e-folding decay rate of about 4.5 Alaska was not observed by TOMS until it passed over Nevada two days later, when approximately months. The rates of SO 2 removal (table 2) were derived from a variety of measurements and models, 100 kilotons were observed; the total tonnage of this VEI 3 eruption was estimated to be 175 kiloand it seems unlikely that they are all wrong by a factor of four. One possibility is that the formation tons SO 2 based on an assumed SO 2 decay rate over those two days (Schnetzler et al. 1994) . Therefore, of sulfate aerosol (McKeen et al. 1984; Pinto et al. 1989 ) lags behind the destruction of SO 2 because although it is unlikely that our potential aerosol loading model accurately replicates the actual loadthis process is the result of a series of reactions, and only the first of these (the removal of SO 2 by the ing produced by the 15 years of volcanism, it should at least capture the major features of the period as υ ϭ (H/8.2) 4 /1.7325 ϫ 10 9 (4) imparted on the stratospheric chemistry.
These examples illustrate the difficulty in inter- Wilson et al. (1978) note that this relationship assumes a sustained eruption rate, whereas the colpreting the global stratospheric optical depth record in the context of volcanic eruptions. It is possiumn heights used are maximum observed values; therefore, these rates are best considered as maxible to match many known volcanic eruptions with an optical depth signal, yet there are enough ''unmum energy releases. We now compare the stratospheric impacts of known'' anomalies and gaps in the data to make this a risky effort. The contribution from large volcanic eruptions during the period 1979 to 1995 as functions of their latitudinal position and calcueruptions appears fairly straightforward, and by our analyses it looks like perhaps 5-10 more eruptions lated eruption rates. In table 1, we have assembled information on the column heights for as many of during the 15 years of observation can be connected, either individually or as combined closely the eruptions as possible. Using equation (4), the eruption rates are derived for each eruption and spaced events, to changes in the global record. In general however, the optical depth signals of all plotted according to latitude in figure 3 . The measure of ''stratospheric impact'' is taken directly these smaller eruptions are muted. What follows is an attempt to discover why this is true.
from the aerosol optical depth database of Sato et al. (1993) , with values shown in table 4. The erupEruption Rates and Stratospheric Impact. The period from 1979 to 1994 included a number of highly tion impact levels in figure 3 reflect the magnitude of the observed change in global aerosol optical explosive events (i.e., VEI 4 and 5; see table 1) that have little or no global impact. The ability of an depth (AOD) at λ ϭ 0.55 µm before and after the eruption. Some eruptions (e.g., Kelut) produced no eruption to affect the stratosphere can be related to its explosivity and emitted sulfur mass, as well as noticeable change in the global database yet were associated with an observable change at the latitulatitude and summit altitude (i.e., vertical distance from the tropopause). Here we attempt to place dinal level. Changes in global AOD level of Ͼ0.01 occurred some useful constraints on an energy threshold for volcanic activity, below which eruptions are unonly for two eruptions, El Chichó n (net increase of 0.0856) and Pinatubo (net increase of 0.1439). Siglikely to penetrate the tropopause. Wilson et al. (1978;  derived from Morton et al. nificant changes on the order of 0.001 to 0.01 can be easily discerned from background levels ( figure  1956 ) presented a simple relationship by which average eruption rates could be calculated from volca-2). This level of perturbation occurred following five eruptions, four at high latitudes (St. Helens, nic eruption cloud heights, by the following equation:
Alaid, Redoubt and Hudson) and one at low latitudes (Ruiz). Small changes in the global AOD, between 0.0001 and 0.001, occurred following erup-
tions of Sierra Negra and Ulawun. However, changes of this magnitude also occur with no assoand ciated volcanism, and may be within the uncertainty of the optical depth data.
The importance of the elevation difference between the volcano and the stratosphere can be demonstrated by the observation in figure 3 that highwhere H is the final height that a buoyant column will rise, in meters, and Q is the steady state of enlatitude eruptions can produce large (Ͼ0.001) changes in AOD at lower (approximately an order ergy release. Its components (and values used here, in parentheses) are bulk rock density β (2500 kg/ of magnitude) eruption rates than equatorial eruptions. There are, however, many uncertainties asm 3 ), eruption rate υ (to be solved for, in m 3 /s), specific heat s (1.1 ϫ 10 3 Jkg Ϫ1 K Ϫ1 ), temperatures of sociated with these data, not the least of which include the limited number of observed eruptions. eruption products and their ultimate cooled temperature, θ Ϫ θ a (900 K), and thermal efficiency, F Some of the data on eruption column heights are poorly known (e.g., Chikurachki), which makes it (70%). Details and justifications of these relationships can be found in Wilson et al. (1978) . Equadifficult to assign absolute values based on the short period of record we are examining here. We tions (2) and (3) can then be manipulated to produce a relationship to determine eruption rates, knowhave assumed that changes in the optical depth record associated both in time and space with known ing the maximum cloud heights: Figure 3 . The stratospheric impact of explosive eruptions as defined by latitudinal location and eruption rate (calculated after Wilson et al. 1978 ) during the period 1979-1994. Unfilled triangles indicate eruptions that remained below the tropopause; filled triangles represent eruptions that reached the stratosphere. Those eruptions that were determined to produce a measurable perturbation to the global aerosol optical depth levels are categorized by increasing symbol size. The level of stratospheric impact of an eruption was determined using the data of Sato et al. (1993) to identify the magnitude of associated change in global optical depth. eruptions are indeed related, which may not be tightly constrained fissures, of sustaining eruption columns capable of reaching the upper troposphere strictly true. In figure 3 we do not discriminate amongst emitted sulfur levels for the eruptions, aland stratosphere. A more reasonable eruption rate calculation requires assumptions about vent geomthough the amount of sulfur injected into the stratosphere varies widely, as shown in figure 2. etry and eruptive activity for which we have no data, and therefore we do not include Nyamuragira The general (log-log) connection between emitted sulfur and explosivity has been earlier discussed in figure 3 . The changes in background levels during this by Bluth et al. (1993) and is further explored by Schnetzler et al. (1997) using the same TOMS SO 2 time can be seen in table 4 and are displayed graphically in figure 2. This is important because the abildataset.
The fissure eruption of Nyamuragira in Decemity to discern an individual eruption's impact also depends on previous global volcanic activity. For ber 25, 1981 has a low reported column height and consequently a relatively low eruption rate. Origiexample, following the eruption of Pinatubo changes in global optical depth from smaller-sized nally termed the ''mystery eruption'' it is now recognized as having reached the tropopause (e.g., Hoferuptions are masked (the change in AOD values following Hudson are estimated from the latitudimann 1990; Krueger et al. 1996) , although it is not recognizable in the Sato et al. (1993) database.
nal record before the influence of Pinatubo's eruption reached the high southern latitudes). There- Thordarson and Self (1996) described a mechanism by which effusive eruptions (e.g., Columbia River fore, an eruption such as Sierra Negra, which occurred during a relatively ''clean'' period, may basalts) are capable, due to massive emissions from Pinatubo are in general agreement, suggesting that the TOMS SO 2 tonnages and aerosol removal rates adequately model the effects of large eruptions. have produced no noticeable stratospheric impact had it occurred in either the post-El Chichó n or However, the peak aerosol formation in our model, derived from published rates of post-eruption SO 2 post-Pinatubo era. Likewise, the three eruptions of Mt. Spurr in 1992 may well have produced stratodecay, occurs approximately four times faster than the observed AOD peaks. This lag is of research inspheric perturbations that could not be observed due to the influence of Pinatubo.
terest because it may highlight a way to clarify the processes of sulfate formation. Since the destrucThe connection between latitude and stratospheric impact can be explained by a cloud's ability tion of SO 2 occurs faster than the rise of aerosol, the longer period of sulfate buildup may be conto rapidly rise through the tropopause. Also, eruptions with insufficient eruption rates appear to be trolled by another, subsequent reaction. The use of multiple remote sensing tools seems to be a promuch more rapidly removed from the atmosphere. Woods and Kienle (1994) , following the model of ductive avenue of research for examining this process. Woods (1988) , calculated expected column heights based on mass eruption rates and noted that colFor the range of smaller eruptions, the observed stratospheric perturbation is typically muted comumn heights do not rise steadily in the troposphere but instead increase much more slowly near the pared to the model, and the observed aerosol removal rates at up to eight times slower than extropopause. The tropopause is a region of minimum temperatures in the vertical atmospheric profile.
pected. The comparison of our potential loading model and the optical depth record strongly sugBecause the buoyancy of a volcanic cloud depends on its warmth relative to the surrounding air mass, gests that measurable stratospheric perturbations are generated by combined injections from closely the tropopause could serve as a cold trap, which either partially or fully prevents volcanic (water-rich) spaced eruptions, thus the effect of volcanic activity on climate is not confined to the few large erupclouds from reaching the stratosphere. Once a cloud passes through the tropopause the rate of tions that occur every few decades, such as El Chichó n and Pinatubo. The cumulative effect of buoyant rise must decrease or stop completely, which would increase removal of material by sedismaller-sized eruptions on the stratosphere is also indicated because of slow aerosol removal rates obmentation.
The enhanced ability of high-latitude eruptions served in the 8 year period following the El Chichó n eruption. These results suggest that our knowledge cano-tropopause elevation difference, and stratospheric impact (∆AOD). During the period of 1979-of the volcano-atmosphere reactions and pathways in the few months following an eruption is some-1994, at low latitudes (Ͻ30°) only eruptions with eruption rates Ͼ40,000 m 3 /s dense rock equivalent what limited; detailed mass balance analyses of sulfur dioxide and sulfate aerosol are needed to explore produced a significant global impact (∆AOD Ͼ 0.001). In contrast, the eruption rates of high-latithese conversion and decay rates in closer detail.
Comparison of our model and observations demtude (Ͼ40°) eruptions, which have a relatively shorter path to reach the stratosphere, were suffionstrates that much of the potential sulfur loading from mid-range eruptions (VEI 3-4) is removed becient to produce global-scale stratospheric loading with an order of magnitude less intensity. fore reaching the stratosphere, thus greatly limiting the effect that these eruptions can have on climate. The characteristic temperature minimum at the
A C K N O W L E D G M E N T S
tropopause acts as a barrier to volcanic columns by reducing their rate of buoyant ascension, and by This work was supported by grants to GJSB from NASA's Volcano-Climate and Aerosol programs. acting as a cold trap to remove ''wet'' air (water ϩ adsorbed particles ϩ dissolved gases) entrained by We thank C. Schnetzler and two anonymous reviewers for numerous helpful suggestions to imthe eruption column from the lower atmosphere. These removal processes are most efficient for prove this paper. This research has benefited from many discussions with our colleagues in the TOMS eruptions that reach to or only slightly above the tropopause. We have made some simple calcula-SO 2 working group at NASA's Goddard Space Flight Center, namely S. Doiron, N. Krotkov, C. tions of eruption rates in order to begin to quantify the relationships among eruption intensity, volSchnetzler, and L. Walter.
